This study aims to understand the effect of salt and frost crystallisation on the petrophysical and durability properties of representative types of travertine and carbonate tufas. Results demonstrate that the studied travertines and tufas exhibit a very high durability against salt and ice crystallisation cycles, compared to carbonates rocks with similar porosity values. The variation of the loss of mass, effective porosity, capillary absorption coefficient, ultrasonic wave velocity and attenuation, and compressive strength was scarce during weathering tests. The evolution of petrophysical properties was slightly more intense after 30 cycles of salt crystallisation than 100 cycles of freeze-thaw. Petrophysical and durability properties of the travertines and carbonate tufas depend on porosity fraction and on the manner in which the vuggy porosity is connected. In the travertine facies, vuggy macropores show little connection and can be considered as separate-vug porosity. Their addition to interparticle porosity increases effective porosity and reduces their mechanical strength but does not significantly increase capillary transport and the effectiveness of salt and ice action over the stone. On the contrary, in the carbonate tufas, vugs act as touching-vug pores, as capillary imbibition coefficients reveal. However, scanning electron microscopy displays that they underwent microcracking processes related mainly to both thermal stresses and/or ice and salt pressures. These microcracks present little connection, and they do not enhance noticeably the water flow or decrease the mechanical properties. These results are finally discussed in terms of a nonlinear decay pattern, which with long periods of apparent stability might be followed by rapid and catastrophic decay.
Introduction
Travertine is worldwide employed as building stone for monuments and civil constructions from ancient times until present (Pentecost 2005) . It has been used as structural stone and also in ornamental elements such as sculptures. Travertine is commonly seen in tile sizes as façade material, wall cladding and flooring (Demirdag 2013; Chentout et al. 2015) . Tufa has been used as dimension stone commonly in vernacular architecture (Pedley 2009; Unterwurzacher et al. 2010; Garcia-del-Cura et al. 2014) .
The term travertine comes from the Latin "Lapis tiburtinus" and was widely used by the Romans from ancient times (Vitruvio, in "The Architectura and Pliny the Elder in Naturalis Historia" (Curie 2013) . The Romans used the term tophus (tufa) for any freshwater carbonate developed under ambient temperature conditions. Generally, tufas are associated with abundant fossil moulds and casts of plants 1 3 147 Page 2 of 13 and trees which represent the vegetation which originally grew around lakes, rivers and hill slopes where the deposit formed (Pedley 2009 ).
According to Pentecost and Viles (1994) , the term travertine is known as thermogene travertine. It has been widely used for hydrothermal precipitates from warm to hot waters or formed with CO 2 from endogenous processes. The term tufa is adapted for metheogene travertine. It is used to indicate a powdery rock, and it is related to cool water deposits or CO 2 of the soil and epigean origin. In some formations, in fact, tufas and travertines may coexist in lacustrine limestone deposits (Garcia-del-Cura et al. 2012) . Although the terms tufa and travertine are often used indiscriminately (Pedley 2009 ), their structural features and petrophysical properties are entirely different. Whereas travertines present parallel structures, tufas display a high diversity of macrophyte casts (Ford and Pedley 2006) .
Previous studies have shown travertine is a relative durable stone (Yavuz and Topal 2007; Yu and Oguchi 2010; Török and Vasarhelyi 2010; Akin and Özsan 2011; Zalooli et al. 2017) , although few studies have been performed on carbonate tufas. In outdoor environments, they can undergo significant physical weathering due to salt crystallisation, freeze-thaw and/or thermal shock action, depending on the regional climate. In carbonate rocks as travertines and tufas, thermal stress may become determinant under daily thermal cycles because calcite has a highly anisotropic thermal dilatation (Nye 1972 ). Temperature fluctuations above and below freezing point or dissolution-precipitation boundary yield mechanical pressures by ice and salt crystallisation into pore space. There is, therefore, a feedback between both thermal and ice and salt crystallisation decay mechanisms.
Despite the extensive use of travertines as a building material, very few studies have been conducted to determine the influence of the structures of travertines and tufas on their durability behaviour. The aims of this paper are (1) to study the influence of travertines and tufas structures on their petrophysical properties described as effective porosity, capillary absorption coefficient, ultrasonic wave velocity and attenuation, and compressive strength, and (2) to quantify the response of the travertines and carbonate tufas to salt and ice crystallisation by the evolution of their petrophysical properties.
Materials and methods

Stone types
The studied travertines and carbonate tufas are used nowadays as building materials or found in the Spanish built heritage.
Spanish building stones have been quarried in Albox and Alhama de Almería (Almería province, SE of Spain). They are compared with the Turkish travertine, widely marked in Spain and aesthetically similar to white Classic Roman Travertine (Garcia-del-Cura et al. 2012; Zalooli et al. 2017) . The extracted tufas and travertines from the different quarries present different types of the facies described above. There is no direct relationship between their textures and structures and the extracted travertine and tufa in each quarry. For example, non-porous cryptolaminated travertine facies can be found in Albox and Alhama de Almería quarries. On the other, in the Alhama de Almería quarry, both travertines and homogeneous tufas are present and the main travertines facies are NPM and Lmix.
Travertines of the Albox and Alhama de Almería quarries were generated by hot water springs associated with hydrothermal activity along the Betic Cordillera fault (Garcia-del-Cura et al. 2017) . These travertines are coloured (brownish-reddish) stones by the presence Fe-Mn oxyhydroxides (Garcia-del-Cura et al. 2007 . The commercial name for the travertines extracted from Albox quarry is Yellow Gold Travertine (Travertino Oro), whereas travertines from Alhama de Almería quarry are known as Red Alhama (Rojo Alhama) (Garcia-del-Cura et al. 2008) and Olivillo (Urosevic et al. 2010) .
According to Choquette and Pray classification of porosity (Choquette and Pray 1970) , the studied travertines and tufas show mainly intercrystalline porosity. Intergranular porosity is scarce and is only present in some samples of complex tufas and laminated and massive travertines facies with thick layers. Intergranular porosity is associated with the presence of pellets, intraclasts, etc. Intercrystalline porosity is related to micrite, with a pore size of 0.005-0.05 μm, and large crystals with the pore size in the interval of 0.05-2 μm.
The main macroporosity of travertines is the fenestral porosity, which can achieve centimetric-size pores. In some laminated travertine samples, bacterial shrubs textures present framework porosity. The direction of growth of framework pores is perpendicular to the sedimentary structure in these samples. The fenestral porosity in travertines can be considered as separate-vug porosity, according to Lucia's petrophysical classification of pores (Lucia 1995) . Pore connectedness is enhanced in the direction parallel to the bedding and also by the presence of microkarstics processes in the stone. In carbonate tufas, plants casts are the most important macropores, which have an easy connection and they act as touching-vug pores. The presence of vuggy macropores in samples is highly heterogeneous and changes from sample to sample.
Petrophysical properties
The petrophysical and durability characterisation were carried out in 150 samples of travertines and carbonate tufas. Salt crystallisation and freeze-thaw tests were performed to evaluate their durability. Pore structure was only measured on unaltered samples to describe the petrophysical and durability behaviour of studied rocks. The petrophysical properties were: effective porosity, capillary imbibition, P-wave velocity and spatial attenuation of the ultrasonic waves and uniaxial compressive strength. The characterisation of porosity, capillary imbibition and ultrasonic parameters were performed with non-destructive protocols, so they were also measured during durability tests in order to evaluate the changes in rock properties.
Pore structure was characterised using mercury intrusion porosimetry and complemented with the digital analysis of scanned samples. Connected porosity and pore-throat size distribution were calculated using an Autopore IV 9500 Micrometrics mercury porosimeter (MIP) with a pore size interval of 0.002-200 μm. Image analysis of scanned samples was performed with JMicrovision (Roduit 2007) and was used to evaluate the large pore fraction that MIP cannot measure. Effective porosity, P, was determined using the vacuum water saturation test (UNE-EN 1936 . Dried samples were weighed and placed in a vacuum chamber at 20 ± 7 mbar in order to eliminate any trapped air from the porous systems. Distilled water was slowly introduced until the samples were completely covered, and finally, atmospheric pressure was re-established. The saturated and immersed weight of each sample was recorded.
The capillary absorption coefficient, C, was determined using the standard method in accordance with UNE-EN 1925 (1999 . The continuous method was used to characterise tufa varieties because of their high absorption rates (C > 150 g/m 2 s 0.5 ) (Benavente et al. 2007a) . Capillary imbibition was performed in both parallel and perpendicular direction. The capillary anisotropy coefficient, A C , quantifies the anisotropy of the capillary flow and is defined as the ratio between lowest and highest capillary absorption coefficients. The dimensionless anisotropic coefficient has a maximum value of one for isotropic rock, and it decreases as sample anisotropy increases.
Ultrasonic waves were measured using a signal emitting-receiving equipment (Panametrics-NDT 5058PR) and an oscilloscope (TDS 3012B-Tektronix). P-wave propagation velocity, v P , and spatial attenuation, α s , were obtained with a P-polarised transducer of 1 MHz. The v P anisotropy coefficient, A vp , quantifies the anisotropy of P-wave velocities in parallel and perpendicular directions and is defined as the ratio between lowest and highest v P values. As in the capillary anisotropy coefficient, A vp ranges from 0 to 1 and reaches the maximum value for isotropic rocks. The uniaxial compressive strength, σ C , was performed according to the standard test EN 1926 test EN (2007 using an Ibertest MEH-2000 H/FIB-50.
Durability tests
Salt crystallisation and freeze-thaw tests were in concordance with EN-12370 (1999) and EN-12371 (2011) recommendations, respectively. In order to evaluate the response of samples to prolonged salty aggressive environments, 30 cycles were carried out in the salt crystallization test, corresponding to two consecutive normalised tests (15 cycles each one); 5-cm cubic samples of each lithotype were tested and underwent cycles of saline immersion (14% w/w Na 2 SO4 solution, at 20 °C for 4 h), drying (at 60 °C for 16 h) and cooling at room conditions (20 °C, for 4 h). Samples were exclusively cleaned at the end of the test (after the 30 cycles). The evolution of the effective porosity, capillary imbibition, P-wave velocities and the dry weight loss, ΔW (%), was calculated at the 15th (uncleaned sample) and 30th cycles (after salt removal). The uniaxial compressive strength was also recorded in the 30th cycle.
Freeze-thaw test was carried out in a freezing chamber. The test consists of three parts: (1) temperature decreases to − 8 °C for 2 h without water addition in the freezing chamber (dry conditions); (2) temperature decreases to − 12 °C for 4 h (maintaining dry conditions); and (3) temperature increases to 20 °C, and freezing chamber is filled with the distilled water (wet conditions and sample water saturation). The evolution of effective porosity, capillary imbibition, P-wave velocities and the dry weight loss was recorded at 48, 75 and 100 durability cycles. Spatial attenuation was also measured in the last cycles (75 and 100th cycles), whereas compressive strength was finally performed in the 100th cycle. The number of samples with porous laminated travertines (PL) was not statistically representative, and therefore, these samples were not tested.
The specimens were visually inspected in order to evaluate the salt and ice action. Moreover, a small sample of each variety was observed under electron microscopy to evaluate microtextural changes produced during the durability test. Uncoated samples were analysed using a HITACHI S-3000 N microscope. The microanalysis was carried out with energy-dispersive X-ray (EDX) using an X-ray detector Bruker Xash 3001 working at 20 kV.
Results and discussion
Pore structure
The studied travertines present four types of facies, termed as non-porous massive travertine (NPM), banded or porous laminated travertine (PL), laminated with vugs and nonporous levels (Lmix) and non-porous cryptolaminated travertine (NPCL). Carbonate tufas have two facies, denominated as homogeneous (HT) and complex tufas (CT).
Travertines and carbonate tufas are complex porous media, with wide-ranging porosity and pore size. Figure 1 shows the polymodal nature of the pore size distribution of the studied stones. Travertines and tufas present various pore types that describe different petrophysical and durability properties of the stones, such as vapour adsorption and condensation, capillary transport, mechanical strength and salt and ice crystallisation. Intercrystalline and intergranular porosity and some growth framework porosity are poorly sorted and range between 0.01 and 10 μm, although pore sizes of intergranular porosity are larger and better selected than intercrystalline pores. Vuggy porosity presents pore sizes up to 100 μm and can achieve centimetric-size pores. In the travertine facies, vuggy macropores show little connection and can be considered as separate-vug porosity.
Travertines and tufas have a wide dispersion of effective porosities, mainly in carbonate tufa samples. Effective porosity of travertines is lower than for carbonate tufa samples, although some complex tufas with less vuggy pores can reach porosity values lower than 10% (Table 1 ). The presence of vuggy macropores in samples causes a discrepancy between effective and capillary porosity, as a result of their heterogeneity, connectedness and large size. Garcia-del-Cura et al. (2012) observed the same behaviour when the porosity obtained from MIP was compared with effective porosity results.
Figure 1 also displays the influence of pore size in vapour adsorption and condensation. Although they were not obtained in this study, their role in stone weathering may be crucial. Thus, a porous rock with high capacity and susceptibility to water condensation and retention into the material is more prone to deterioration by salt and ice crystallisation, chemical deterioration or the development of microorganisms (Sanchez-Moral et al. 2005; Benavente 2011; Benavente et al. 2011) . At low relative humidities (first stages of the condensation process), vapour water is adsorbed on pore surface of the stone. With rising air humidity, the number of layers of water molecules on the pore surface increases until capillary condensation occurs for pore radius around 0.1 microns.
Water transport properties
Water transport by capillary imbibition reflects the porosity, pore size and pore connectivity of vuggy porosity of travertines and tufas. For capillary coefficients, massive facies (NPM) registered the lowest values, whilst homogeneous (HT) and complex porous tufa (CT) facies showed the highest values (Table 1 ).
Figure 1 displays the pore sizes in which the capillary flow is active. Capillary imbibition occurs mainly in pore size range between 1 μm and 1 mm and provides high water absorption rates for a well-connected pore structure. Interparticle pore connectivity increases with porosity and tends to be reached for homogeneous porous rocks with porosity values higher than 10% (Benavente et al. 2007a (Benavente et al. , 2015 . Figure 2a shows a change in the tendency between porosity and capillary coefficient for porosity values up to 10%.
In tufa facies, macropores act as touching-vug pores, which explain the high values of the connected porosity and capillary imbibition coefficients (Table 1) . In this context, Garcia-del-Cura et al. (2012) observed these macropores play a decisive role in water-weight uptake when they are well interconnected with interparticle micropores and do not exceed ~ 3 mm in diameter. Fluid movement by capillarity up to this pore size would be negligible, and the most important mechanism would be gravitational. Travertine facies, and particularly in laminated facies, present a strong anisotropy. C is much higher in the direction parallel to the bedding, where vugs connectivity increases within the stone lamination. Capillary anisotropy coefficient, A C , features this behaviour and is sensible to micro-and macrostructure of the rocks (Table 1) . Figure 2c shows a negative linear relationship between P-wave velocity and porosity as pore fraction hinders propagation of ultrasonic waves. Similar values and tendencies for travertines are found in Akin (2010) ; Akin and Özsan (2011) Siegesmund and Dürrast (2011); Demirdag (2013) ; Chentout et al. (2015); and Soete et al. (2015) . However, non-porous cryptolaminated travertines (NPCLs) present a different trend. According to Garcia-del-Cura et al. (2012) , this travertine facies show a strong increase in v P at small porosity increments, which is linked to crystal size and low intercrystalline porosity. NPCLs present a highly re-crystallised texture with high contents of sparite with crystal size ranging from 50 to 200 μm. This tendency is also found in crystalline carbonate rocks where rocks with large crystals present lower propagation velocity (Martinez-Martinez et al. 2011 , 2016 . The influence of laminated structures on v P is less significant than in the capillary flow. v P anisotropy coefficient, A vp , is close to 1 for most of the studied samples, whereas mean values of capillary anisotropy coefficient, A C , are in the interval of 0.14-0.73. Anisotropy in porous laminated travertines is slightly higher (lower A vp ) than it is in other facies, which present similar values (close to 1) and, therefore, do not reflect rock anisotropy. These results suggest that v P is not the most suitable parameter for quantifying rock anisotropy, despite the fact that travertines are Figure 2d displays a direct relationship between spatial attenuation and porosity. The presence of macropores causes high wave scattering compared to interparticle porosity. Thus, tufa facies show the highest α s values and low-porous travertines show the lowest α s . α s and v P are sensible to different petrographic features. Martinez-Martinez et al. (2011 reported that spatial attenuation is much more sensitive to occasional rock defects (as vuggy macropores in travertines) than wave velocity. Therefore, the velocity of the wave front occurs through the more favourable fraction Mean values and standard deviations for of the effective porosity. Facies: non-porous massive travertine (NPM), porous laminated travertine (PL), laminated with vugs and non-porous levels (Lmix) and non-porous cryptolaminated travertine (NPCL). Carbonate tufas have two facies, denominated as homogeneous (HT) and complex tufas (CT) P capillary absorption coefficient in the direction parallel to the bedding, C par capillary anisotropy coefficient, A C ultrasonic wave velocity, v P anisotropy coefficient of v P , A vp spatial attenuation, α s compressive strength, σ C and number of tested samples 
Ultrasonic parameters
Facies n P (%) C par (g/m 2 s 0.5 ) A C v P (m/s) A vp α s (dB/cm) σ C (
Mechanical properties
Travertines and tufas present a low-to-medium resistance according to Deere and Miller (1966) and range from 20 to 75 MPa for travertines and 15-45 MPa for carbonate tufas. Porosity strongly influences on travertine and tufas strength (Fig. 2b) . The relationship between strength and porosity shows an exponential trend. In travertines with low porosity (non-porous travertines), a small change in the porosity causes great changes in rock strength. This trend is well established and is in concordance with previous studies ( . Garcia-del-Cura et al. (2012) concluded that slope change in the strength-porosity plot for connected porosity values of ~ 10% (in their study total porosity was 13%) is related to a change in the characteristics of the porous system. On the one hand, at low porosity values, strength changes are due to the content of intercrystalline and intergranular (interparticle) pores. Their influence on mechanical properties is crucial due to the twodimensional shape, which causes a stress concentration at their tips [according to the Griffith theory (Griffith 1921) ]. This theory also argues that stress concentration increases as pore size increases (Fig. 1) . On the other hand, at high porosity values, rocks present a variable content of vuggy macropores. They present a rounded geometry and stress concentration at their tips is lower than for interparticles pores, although they contribute to a surface reduction in the loaded sample section. In general, the mechanical properties of the studied travertines and tufas do no present a strong anisotropy and they behave according to the predominant rock facies. These results are in concordance with previous studies (Jackson et al. 2005; Yagiz 2006; Garcia-del-Cura et al. 2012; Martinez-Martinez et al. 2013; Sengun et al. 2015) . Thus, laminated travertines with low-porous facies show the highest strength when the rock is tested perpendicular to load direction, whereas porous facies are stronger when the laminate is parallel to the load. The influence of structure on the mechanical anisotropy is not determinant in carbonate tufas. Results present an important dispersion because they have a complex and heterogeneous structure, and therefore, the role of the macrospores orientation on the mechanical anisotropy cannot be clearly evaluated. Tables 2 and 3 and Fig. 3 display the evolution of petrophysical and durability properties after the durability tests. In general, travertines and carbonate tufas present an excellent durability against ice and salt crystallisation, compared to carbonates rocks with similar porosity values (Benavente et al. 2007a, b; Martinez-Martinez et al. 2013) . They display unweathered aspect at mesoscale, although some samples undergo different types of weathering patterns. All samples display a superficial granular disaggregation, which contributes to weight loss after the durability test. In laminated rocks, some superficial scaling is observed, which compromises loosing thick sheets of rock parallel to sample surfaces. Fractures are scarce and occur parallel to the lamination (in laminated travertines). NPM travertines present the best durability properties and remain nearly unweathered. However, laminated travertines with oxides in the vuggy porosity present a catastrophic decay. The presence of these oxides in vuggy porosity reduces the union strength between pore walls and therefore acts as a weakness plane under ice and salt crystallisation pressure. In particular, three samples from coloured travertines presented an important amount of oxides and underwent a breakdown before 48th cycle in the freeze-thaw test and before 14th cycle in the salt crystallisation test (Fig. 4) . This alteration pattern was also reported by Akin and Özsan (2011) in similar coloured travertines. The rest of the coloured travertine samples with fewer amounts of oxides did not suffer a breakdown. Moreover, two samples of the HT variety also suffered a breakdown in the 48th and 75th cycle, respectively, and petrophysical properties were not recorded.
Durability: evolution of the microstructural and petrophysical properties
SEM observations show the microstructural evolution of these stones caused by the ice and salt crystallisation (Fig. 5) . Although travertines and tufas remained stable during durability tests, they underwent microcracking processes mainly related to both thermal stresses and mechanical pressures caused by the ice and salt crystallisation into pore space. There is a feedback between both decay mechanisms. Thermal stress can become crucial in carbonate rocks (Siegesmund and Dürrast 2011) under thermal cycles. Thus, temperature variation between different stages in salt crystallisation and freeze-thaw tests is, respectively, 40 and 32 °C. On the other hand, calcite has a highly anisotropic thermal dilatation, with a large dilatation coefficient along its crystallographic c axis and a strong contraction along a and b axes (Nye 1972) . Therefore, crystals expand in one direction and contract along with other ones at the same time when they are heated. Thermally induced microcracking appears due to competing thermal expansion of different minerals that concentrate on crystalline boundaries, especially in low-porosity stones (Gomez-Heras et al. 2009 ).
Both porosity and pore size distribution affect salt crystallisation and freeze-thaw durability. In general, travertines with low porosity values are more durable than porous travertine and tufas (Tables 2 and 3 ). Porosity contributes to the pore connectivity coordination and mechanical properties. Below 10% of connected porosity, pore connectivity dramatically decreases as a result of the closure and elimination of the throats; meanwhile, in rocks where porosity is higher than 10%, pore space is well connected and pore size distribution becomes the most important microstructure parameter (Benavente et al. 2007b (Benavente et al. , 2015 . Figure 1 displays the influence between pore size distribution and pressure by ice and salt crystallisation. Benavente (2011) and Benavente et al. (2011) established that the effectiveness of crystallisation pressure generated by salt growth might be considered for the pore size range between 0.1 and 10 μm. The effectiveness of salt and ice pressure considerably decreases out of this pore interval. On the one hand, a crystal requires a considerable supersaturation to enter into the pore fraction below 0.1 μm, which is unlike when the stone is placed in the building. On the other, crystals may percolate through large pores without generating significant levels of crystallisation pressure on pore walls.
As a result, travertines and tufas undergo a very low weight loss in all varieties and durability tests, although the weight loss values are slightly higher in the salt crystallisation test (Tables 2, 3 ). The effective porosity variation is scarce during weathering. Surface weight loss and the apparition of microcracks do not change substantially the total void volume of the rocks. Benavente et al. (2007b) point out those fissures of varying widths and lengths may contribute to the detachment and fragmentation process. In particular, narrow micro-fissures appear to be important in the decay process due to the effectiveness of crystallisation pressure generated by salt growth. These internal microcracks may coalesce and then turn into macro-cracks and cause sample disintegration and scaling and even a catastrophic breakage in an interval of a very few number of cycles (MartinezMartinez et al. 2013) .
The variation of capillary absorption coefficient and the capillary anisotropy index, A C , after durability tests is low. Tables 2 and 3 show the capillary absorption coefficient in the parallel direction to the lamination, C par , which is the most sensible direction to the changes in pore structure. Figure 5b displays the development of microcracks in the parallel direction to the lamination and fenestral porosity. A C quantifies the ratio of capillary coefficients in the parallel Table 2 Evolution of the petrophysical properties after the salt crystallisation test Mean values and standard deviations for of the effective porosity. Facies: non-porous massive travertine (NPM), porous laminated travertine (PL), laminated with vugs and non-porous levels (Lmix) and non-porous cryptolaminated travertine (NPCL). Carbonate tufas have two facies, denominated as homogeneous (HT) and complex tufas (CT) P capillary absorption coefficient in the direction parallel to the bedding, C par , capillary anisotropy coefficient, A C ultrasonic wave velocity, v P anisotropy coefficient of v P , A vp dry weight loss, ΔW (%), compressive strength, σ C number of cycles, N C and number of tested samples Page 9 of 13 147 and perpendicular direction. In the salt durability test (the most aggressive test), the capillary coefficients show a slight increase, mainly in the last cycle (30th cycle). This occurs because in the 15th cycle salt is not completely removed from the sample. Consequently, this fraction of salt, which fills pores and microcracks, does not contribute to capillary flow. As we described in "Materials and methods" section, samples were cleaned after the 30th cycle. This scarce variation reveals that the internal microcracks produced by the crystallisation pressure present little connection (Fig. 5a) , and therefore, they do not enhance noticeably the water flow.
Travertines and tufas present a low-to-medium mechanical resistance. This mechanical behaviour of rocks also contributes to their durability against salt crystallisation and freeze-thaw cycles. The susceptibility of the porous rock to the ice and salt crystallisation mechanism is closely connected to its strength. It is the material's resistance to crystallisation pressure, which creates tensile stress over the pore surface (Benavente et al. 2004; Coussy 2005 Coussy , 2006 . The mechanical strength evolution is scarce after durability tests, and in most of the cases, its variation ranges between the maximum and minimum resistance of the unweathered samples (Fig. 3) . As described above, microcracks appear inside of rocks at the microscale and they are not enough to cause mechanical decay of rocks.
Mechanical variation corroborates that salt crystallisation test is more aggressive than freeze-thaw test. Mechanical strength of NPCL, Lmix and HT slightly decreases, CT remains nearly unweathered, whereas PL and NPM travertines seem to undergo an improvement of the mechanical Mean values and standard deviations for of the effective porosity. Facies: non-porous massive travertine (NPM), laminated with vugs and non-porous levels (Lmix) and non-porous cryptolaminated travertine (NPCL). Carbonate tufas have two facies, denominated as homogeneous (HT) and complex tufas (CT) P capillary absorption coefficient in the direction parallel to the bedding, C par capillary anisotropy coefficient, A C ultrasonic wave velocity, v P anisotropy coefficient of v P , A vp spatial attenuation, α s dry weight loss, ΔW (%) compressive strength, σ C number of cycles, N C and number of tested samples
properties. This improvement can be related to the so-called ageing of the testing sample. This can be explained by the relaxation reaction phenomenon of the rocks after they have been removed from the quarry and exposed to changing environmental conditions (pressure, temperature and moisture) (Siegesmund and Dürrast (2011) and references herein). Tables 1 and Fig. 2 highlight the ultrasonic wave velocity (v P ) and spatial attenuation (α s ) values for the unweathered samples and their relationship with porosity, and Tables 2  and 3 and Fig. 3 display their evolution during the durability tests. Samples with low wave velocities and high attenuation values present higher deterioration levels. v P and α s depend mainly on pore structure and reflect the durability properties of rocks. For example, HT presents high effective porosity values and large pore sizes, which provide low values of v P (around 4100 m/s) and high values of α s (over 13 dB/cm). v P slightly decreases as the number of cycles, and it is related Fig. 3 Evolution of physical properties of travertines and carbonate tufas during the salt crystallisation and freeze-thaw durability tests to the microstructural weathering suffered in travertines and tufas. As we discussed above, salt crystallisation and freeze-thaw test comprise salt or ice pressures and thermal stress and, as a consequence, the development of microcracks in the samples. The evolution of the spatial attenuation was also recorded in the freeze-thaw test and presents a slight increment during the durability cycles. Therefore, the scarce evolution of the ultrasonic parameters corroborates the number and development degree of internal microcracks is not enough to internally deteriorate the rocks.
Bulk properties of travertines and carbonate tufas remain unchanged after a long number of cycles, which highlights microscopy. a Microcracks caused by the crystallisation pressure and porosity connection by the microcracks. b Development of microcracks parallels to the lamination and fenestral porosity their excellent durability properties. In fact, the number of cycles in the salt crystallisation standard test is 15 and, in this paper, we performed 30 cycles; in the freeze-thaw test, samples underwent 100 cycles, which exceeds the common number for the durability characterisation of building stones. However, catastrophic decay is a nonlinear process that tested samples might suffer. The initial microcracks may grow and become to coalesce. Consequently, sample can breakdown in a few cycles. Smith et al. (2008) argued that this situation constitutes the critical threshold for macroscopic decay initiation. When this critical threshold is exceeded, microcracks turn into cracks and grow rapidly. The increase in porosity may accelerate the decay process until the ultimate failure is reached in very few cycles (Martinez-Martinez et al. 2013 ).
Conclusions
In this paper, we studied a representative number of travertine textures, which include non-porous massive, non-porous cryptolaminated, porous laminated and laminated with vugs and non-porous levels. In addition, we also studied various carbonate tufas ranging from homogeneous to complex textures. Results demonstrate that the studied travertines and carbonate tufas exhibit a very high durability against salt and ice crystallisation cycles, compared to carbonates rocks with similar porosity values. The evolution of petrophysical properties was slightly more intensive after 30 cycles of salt crystallisation than 100 cycles of freeze-thaw.
In general terms, samples displayed unweathered aspect at mesoscale, although some of them underwent different types of weathering patterns with low intensity. All samples displayed a superficial granular disaggregation, which contributed to weight loss after the durability test. Laminated rocks suffered some superficial scaling. Remarkably, some laminated travertine samples with an important amount of oxides in the vuggy porosity presented a catastrophic decay. In this situation, the presence of these oxides in vuggy porosity reduces the union strength between pore walls and therefore acts as a weakness plane under ice and salt crystallisation stresses.
Porosity fraction and the manner in which the vugs are connected affected the petrophysical and durability properties of the travertines and carbonate tufas. In the travertine facies, vuggy macropores can be considered as separate-vug porosity. Their addition to interparticle porosity increases effective porosity and reduces their mechanical strength but does not significantly increase capillary transport and the effectiveness to salt and ice pressures. In the carbonate tufa, vuggy pores act as touching-vug pores. Travertines and carbonates tufas with the highest effective porosity values (> 10%) were the least durable because pore connectedness increases and mechanical strength decreases with the porosity.
The microstructure analysis under scanning electron microscopy revealed that they underwent microcracking processes related mainly to both thermal stresses and/or ice and salt pressures. Microcracks presented little connection, and they did not enhance noticeably to the water flow or decrease the mechanical properties.
From this investigation, we can conclude that travertines and carbonate tufas are appropriate as a construction and building material. Particular attention must be paid to establish the direction of stone cutting and its relative placement in the building for samples with strong anisotropic properties and also to the presence of abundant amount of oxides in the vuggy porosity.
